direct actions of T cells on the CFB are largely unexplored. Several studies have recently identified a critical role for T cells in cardiac repair after ischemia, where the fibrotic response functions as a protective process to heal and repair the area of injury. This healing response orchestrated by T cells is thought to be mediated by various immune cells, including monocytes, neutrophils, and macrophages, that are recruited to the site of ischemic injury in the heart (Frangogiannis et al., 2002; Hofmann et al., 2012) , rather than by direct actions of the T cells on the CFB, the major source of ECM proteins. In contrast, in nonischemic HF, CF develops progressively as the CFB converts to profibrotic myofibroblasts in a pathological process to compensate for pressure overload and provokes changes culminating in cardiac dysfunction and HF (Fan et al., 2012) . We previously reported that end-stage nonischemic HF patients have increased LV fibrosis directly associated with T cell infiltration (Nevers et al., 2015) . Despite extensive investigation into the pathogenesis of T cell-mediated profibrotic cardiac repair after ischemia, little is known about the contribution of T cells to CF once HF is established in a pressure-overloaded heart, or the specific T cell subsets involved and the mechanisms that regulate CFB transformation and pathological CF.
In an effort to investigate the T cell-mediated mechanisms responsible for CF in nonischemic HF, we have adopted the mouse model of thoracic aortic constriction (TAC), which induces CF and nonischemic HF in response to LV pressure overload comparable to what is observed despite emerging data indicating a role for t cells in profibrotic cardiac repair and healing after ischemia, little is known about whether t cells directly impact cardiac fibroblasts (cFBs) to promote cardiac fibrosis (cF) in nonischemic heart failure (HF). recently, we reported increased t cell infiltration in the fibrotic myocardium of nonischemic HF patients, as well as the protection from cF and HF in tcr-α −/− mice. Here, we report that t cells activated in such a context are mainly IFn-γ + , adhere to cFB, and induce their transition into myofibroblasts. th1 effector cells selectively drive cF both in vitro and in vivo, whereas adoptive transfer of th1 cells, opposite to activated IFn-γ −/− th cells, partially reconstituted cF and HF in tcr-α −/− recipient mice. Mechanistically, th1 cells use integrin α4 to adhere to and induce tGF-β in cFB in an IFn-γ-dependent manner. our findings identify a previously unrecognized role for th1 cells as integrators of perivascular cF and cardiac dysfunction in nonischemic HF. Tania Nevers, 1 Ane M. Salvador, 1 Francisco Velazquez, 1 Njabulo Ngwenyama, in patients with HF (Rockman et al., 1991; Patten et al., 2008; Blanton et al., 2012) . In this setting, we and others have previously reported that CD4 + T cells are activated in the cardiac draining LNs (mediastinal LNs [mLNs] ), are recruited to the LV, and function as potent drivers of progressive fibrosis, because mice deficient in T cells (TCR-α −/− ) and specifically in CD4 + T cells (MHC-II −/− ) do not develop CF in response to TAC (Laroumanie et al., 2014; Nevers et al., 2015) . Thus, these studies point to CD4
Th1 effector T cells selectively orchestrate cardiac fibrosis in nonischemic heart failure
+ T cells as an important immune cell type influencing CF. However, mechanistically, whether T cells activated in the setting of pressure overload-induced HF can directly cross talk with the CFB, the specific CD4 + T cell subset involved in the fibrotic outcome in HF, and the mechanisms by which this may occur, remain unknown. Th1-mediated immune responses typically involve the secretion of the cytokines IFN-γ, TNF-α, and IL-2. Intriguingly, the role of Th1 cytokines in contributing to fibrosis is controversial depending on the tissue (Gurujeyalakshmi and Giri, 1995; Oldroyd et al., 1999) . In the heart, in the context of ischemia or angiotensin II infusion, IFN-γ-producing T cells have also been shown to regulate the differentiation and activation of macrophages, subsequently leading to inflammation and CF (Han et al., 2012; Hofmann et al., 2012) . In contrast, IFN-γ protects from CF in autoimmunity (Afanasyeva et al., 2004; Fairweather et al., 2004) . We have previously shown that IFN-γ and T-bet, the signature cytokine and transcription factor for Th1 cells, are significantly increased in the LV after 4 wk of TAC in WT C57BL/6 mice, and these are blunted in the TCR-α −/− mice (Nevers et al., 2015) , suggesting that IFN-γ-producing T cells play a pathogenic role in TAC-induced HF. Thus, paradoxically, the role of IFN-γ in CF is controversial and seems to depend on the type of disease modeled, and the mechanisms of action remain elusive. On the other hand, TGF-β, the best-defined profibrotic cytokine in HF mainly produced by cardiac myofibroblasts, is also up-regulated in the LV of WT mice but not TCR-α −/− mice, but the source of TGF-β and the mechanisms involved in its release in the context of T cellmediated inflammation are unclear. Thus, further investigation is warranted. In the present study, we hypothesized that IFN-γ-producing activated T cells (Th1 cells) perpetuate the fibrotic response in the setting of LV pressure overload through direct interaction with and regulation of CFB, leading to their differentiation into ECM-producing myofibroblasts. Here we report that nonantigen specific Th1 cells are sufficient to induce activation of CFB and release of TGF-β by CFB in vitro. We further demonstrate that T cell-CFB adhesion mediated by α4 integrin is required to acquire a profibrotic phenotype in vitro mediated by TGF-β. We also report that Th1 cells, but not activated IFN-γ −/− Th cells, can restore LV fibrosis and partially induce cardiac dysfunction in vivo in adoptively transferred TCR-α −/− mice subjected to TAC. (Laroumanie et al., 2014; Nevers et al., 2015) . We therefore sought to explore the role of T cells induced by TAC on CFB transition to profibrotic myofibroblasts initially using an in vitro approach. WT mice were subjected to 4 wk of TAC, a duration sufficient to induce CF and dysfunction, or sham surgery. The frequency of CD4 + T cells was significantly increased in the mLNs of TAC but not of sham-operated mice (Fig. 1, A S1 ). We next evaluated the effects of co-culturing CD4 + T cells isolated from mLN of Sham or TAC mice with isolated CFB from WT mice. Co-culture of CD4 + T cells purified from these groups with CFB revealed that CD4 + T cells from TAC mice firmly adhered to CFB, in contrast with CD4 + T cells isolated from sham-operated mice (Fig. 1, G and H) . To evaluate the possibility that T cells were adhering to contaminating macrophages in the culture in addition to CFB, we performed staining with CD45, CD11b, and CD64 before (right after the heart digest and before the initial plating step of the CFB culture) and after CFBs were ready to be co-cultured with the T cells as indicated in the Materials and methods section. We found minimal contamination of CD45 + CD11b + CD64 + cells in the CFB preparation. Whereas the heart digest showed a mean of 26% of CD45 + cells, and 35.8% of them coexpressing CD11b and CD64, the CFB preparation had <1% of CD45 + cells. Within this minor CD45 + cell population present in the CFB cultures, a mean of 70% coexpressed CD11b and CD64, but their frequency was minimal within the whole CFB preparation (Fig. 1 I) . In addition, we found that CFB did not express F4/80, a marker of activated macrophages, in contrast to bone marrow-derived activated macrophages, which were used as a positive control (Fig. 1 J) . The observed T cell adhesion to these CFB cultures negative for F4/80 and minimally expressing CD45 + CD11b + CD64, quantified in several fields of view, induced the transition of CFB to myofibroblasts as demonstrated by increased expression of the contractile protein and myofibroblast marker α-SMA (Fig. 1, K TAC-induced nonischemic HF adhere to CFB and induce CFB transition to profibrotic myofibroblasts.
effector IFn-γ-producing th1 cells promote α4 integrinmediated contact-induced fibroblast transition to myofibroblasts in vitro We have previously demonstrated that Tbet and IFN-γ, the signature transcription factor and cytokine of Th1 cells, were both elevated in the LV in response to TAC (Nevers et al., 2015) . We confirmed this finding and additionally found that IL-4 and IL-5, the signature cytokines of Th2 cells, were not up-regulated in the LV in response to TAC, and their levels in the LV were significantly decreased as compared with IFN-γ (Fig. 2 A) . Moreover, IFN-γ + CD4 + cells were elevated in the mLNs in TAC mice compared with control sham mice (Fig. 1,  E and F) . Thus, we hypothesized that Th1 effector cells cross talk with CFB and promote the transition to myofibroblasts. We therefore next investigated whether Th1 cells were capable of inducing CFB-myofibroblast transition in co-culture experiments. We also co-cultured CFB with naive CD4 + T cells, which lack the properly activated adhesion ligands required to infiltrate inflamed tissues and are not present in the heart (Germain, 1994; Alcaide et al., 2012; Burzyn et al., 2013) . Additionally, CFBs were also cultured with IFN-γ −/− CD4 + T cells (IFN-γ −/− Th cells), which were activated in vitro in the same Th1-polarizing conditions as WT cells but do not differentiate into IFN-γ-producing Th1 cells (Fig. S2) . In contrast to naive CD4 + T cells, effector Th1 cells added at a CFB/Th1 ratio of 5:1 (5 CFB per 1 Th1) firmly adhered to CFB and induced their transition to myofibroblasts expressing α-SMA (Fig. 2 , B, C, and E). Interestingly, within the same co-culture, those CFBs with many adherent Th1 cells transitioned to α-SMA-expressing myofibroblasts, opposite to CFB supporting less or lack of Th1 adhesion, which expressed only basal levels of αSMA expression (Fig. 2, C-E) . Moreover, when CFBs were co-cultured with increasing numbers of Th1 cells, regardless of the number of Th1 cells in the co-culture, those CFBs supporting Th1 cell adhesion became αSMA-expressing myofibroblasts (Fig. 2 F) , and the higher number of T cells present in the co-culture correlated with a higher frequency of CFB supporting Th1 cell adhesion (96 ± 2% of CFB supporting Th1 cell adhesion at the CFB/ Th ratio of 5:1 versus 22 ± 3.6% doing so at the CFB/Th1 1:5 ratio; Fig. 2 , F and G). As expected, Th1 cell adhesion at the CFB/Th1 5:1 ratio was sufficient to mediate increased expression of α-SMA upon contact versus CFB alone expressing low but detectable levels of α-SMA. Of note, increased adhesion of Th1 cells to CFB (CFB/Th1 1:5 ratio resulting in over 90% of CFB supporting Th1 cell adhesion) resulted in a further increase in overall α-SMA in the co-culture compared with the CFB/Th1 5:1 ratio, a condition in which fewer CFBs support Th1 cell adhesion (Fig. 2 H) . Thus, increased adhesion of Th1 with CFB results in increased CFB transformation. In contrast, CFB co-cultured with Th1 cells in transwells, and therefore exposed to Th1-released cytokines and soluble factors in the absence of direct contact, expressed significantly decreased levels of α-SMA compared with CFB that had been in direct contact with Th1 cells (Fig. 2, I and J). Moreover, IFN-γ −/− Th cells, which were activated as depicted by the expression of CD69 (Fig. 2 K) but cannot differentiate into IFN-γ-producing Th1 cells (Fig. S2) , only slightly induced CFB transformation to α-SMA-expressing myofibroblasts in similar co-culture conditions (Fig. 2, L and M) . Further studies evaluating T cell adhesion to CFB revealed that lower numbers of IFN-γ −/− Th cells adhered to CFB as compared with WT Th1 cells (Fig. 2, N and O) . To confirm this was a Th1 cell-induced phenomenon in CFB and not in macrophages that are minimally present in the CFB preparations (Fig. 1, I and J), or that are not detected by CD45, CD11b, and CD64 costaining or by F4/80, we performed similar studies in clodronate liposomes-treated CFB preparations. Our results indicate that Th1 cells induced similar α-SMA expression upon adhesion to either clodronate-treated CFB (devoid of potential contaminating macrophages) or to untreated CFB (Fig. S3) . Collectively, these data indicate that Th1 cells are responsible for CFB transformation to myofibroblasts upon direct contact, rather than by T cell cytokine release, and additionally demonstrate that T cell adhesion to CFB and induction of α-SMA expression upon adhesion are both dependent on IFN-γ.
We next investigated the specific T cell or CFB molecules adhesion molecules mediating this interaction. We focused on integrin-integrin ligand-mediated leukocyte adhesion. Function blocking antibodies to T cell α4 integrin resulted in impaired adhesion of Th1 cells to CFB compared with isotype control-treated Th1 cells. In contrast, intercellular adhesion molecule 1 (ICAM-1) deficiency in CFB had no effect in Th1 adhesion to CFB compared with WT CFB (Fig. 3, A and B). Moreover, blocking of α4 integrin resulted in decreased CFB expression of α-SMA, whereas lack of ICAM-1 in CFB had no effect on Th1-induced CFB expression of α-SMA (Fig. 3, C and D) . Collectively, these data support that Th1 cells induce CFB transition to myofibroblasts through a mechanism that involves integrin α4-mediated adhesion.
th1 adhesion induces tGF-β in cardiac fibroblasts and their transformation into profibrotic myofibroblasts TGF-β is one of the most extensively studied profibrotic cytokines, and CFB are thought to be the predominant source of TGF-β in the heart. Numerous studies have demonstrated that inhibition of the TGF-β pathway attenuates fibrosis (Nakamura et al., 2000; Fukasawa et al., 2004; Teekakirikul et al., 2010 ). Thus, we tested the requirement of TGF-β for Th1 effector T cell adherence to CFB and induction of CFB-myofibroblast transition. We neutralized TGF-β in co-cultures of adult CFBs with naive T cells or Th1 cells. Anti-TGF-β antibody reduced TGF-β concentration in supernatants of CFB co-cultured with naive or Th1, as measured by ELI SA (Fig. 4 A) . As expected, naive T cells did not adhere to CFB in either control or anti-TGF-β conditions. However, (Fig. 4 , B and C). TGF-β-neutralizing antibody inhibited Th1-mediated induction of CFB-myofibroblast transformation as determined by α-SMA expression (Fig. 4 , D and E). To evaluate the source of TGF-β upon Th1-CFB adhesion, we performed studies in which adherent Th1 cells were detached from the CFB with EDTA to disrupt integrin α4 calcium-dependent interactions, and evaluated TGF-β expression by flow cytometry. Likewise, CFB detached from Th1 cells, and co-cultured Th1 cells that did not bind to CFB were similarly evaluated for TGF-β expression. We found that neither Th1 cells that did not adhere to the CFB (washed after the co-culture with media) nor Th1 cells adherent to CFB but detached with EDTA expressed TGF-β. On the other hand, the population of CFB washed of adherent Th1 cells by EDTA expressed TGF-β as determined by flow cytometry (Fig. 4 F) . Moreover, immunofluorescence staining demonstrated that CFB expressed TGF-β after co-culture with Th1 cells, but not with naive T cells (Fig. 4 G) . Collectively, these data support that TGF-β does not mediate adhesion of Th1 cells to CFB, and demonstrate that TGF-β produced by CFB upon Th1 cell adhesion is responsible for Th1 contact induced CFB transformation to myofibroblasts.
Adoptive transfer of IFn-γ-producing th1 effector t cells into recipient tcr-α
−/− mice induces lV inflammation, perivascular cF, and lV tGF-β up-regulation We and others previously demonstrated that T cell-deficient mice do not develop CF in response to TAC, implying a role for T cells in the development of CF (Laroumanie et al., 2014; Nevers et al., 2015) . (Mombaerts et al., 1992; Burzyn et al., 2013) . Naive CD4 + T cell reconstitution resulted in 5.73 ± 0.8%, significantly less than activated Th1 and activated IFN-γ −/− Th cells, likely because of lack of activation in the host.
In contrast to naive T cells, AT of Th1 effector cells after TAC led to a significant increase in CD4 + T cell infiltration into the LV, predominantly in perivascular areas. Activated IFN-γ −/− Th cells were able to infiltrate the LV but in significantly smaller numbers than Th1 cells (Fig. 5, F (Fig. 6 , A and C), in contrast with WT mice that develop both interstitial and perivascular fibrosis, as we and others have previously described Nevers et al., 2015) . Systemically, Th1 cells, but not naive T cells, induced an increase in serum circulating levels of TGF-β in TCR-α −/− mice, to levels comparable with those observed in WT TAC mice (Fig. 6 D) . Immunofluorescence of LV tissue demonstrated that TGF-β expression was increased in the LV at the areas that colocalized with augmented perivascular fibrosis in TCR-α −/− mice transferred with Th1 cells but not with naive cells (Fig. 6 E) .
Collectively, these data demonstrate a critical profibrotic and proinflammatory role for IFN-γ produced by Th1 cells and support that T cell activation in the absence of IFN-γ is not sufficient to induce LV inflammation and fibrosis in vivo. At of th1 cells partially reverses the lV functional protection of tcr-α −/− mice subjected to the tAc model of HF We next examined cardiac function through echocardiography and invasive LV hemodynamic studies in TCR-α −/− mice subjected to sham or TAC surgery that had been reconstituted with either no cells (no AT), naive T cells, Th1 effector cells, or IFN-γ −/− Th cells, as described in Fig. 5 A. We further evaluated WT sham and TAC mice as a positive control of TAC-induced LV dysfunction. TAC induced a similar degree of pressure overload in all groups studied, as measured by peak LV systolic pressure (Fig. 7 A) . Similar to what we had previously described, TAC resulted in increased LV weight in WT mice but not in TCR-α −/− compared with sham controls (Nevers et al., 2015) . AT of naive, Th1, or IFN-γ −/− Th cells into TCR-α −/− TAC mice resulted in increased LV weight compared with TAC TCR-α −/− not receiving any T cells (Fig. 7 B) and LV cardiomyocyte size determined in LV cross sections was also increased to the level of WT TAC in all TCR-α −/− TAC mice receiving T cells (Fig. 7 C) . Additionally, as previously reported, TAC induced increased wall thickness in WT mice but not in TCR-α −/− compared with their respective sham groups. However, only AT of Th1 T cells in TCR-α −/− TAC mice specifically resulted in increased wall thickness that was statistically significant compared with TCR-α −/− TAC not receiving any T cells. In contrast, AT of naive or IFN-γ −/− Th cells only showed a trend to increased wall thickness as compared with TCR-α −/− TAC mice (Table 1) . LV chamber dimensions determined by echocardiography (end diastolic and end systolic diameter), on the other hand, remained unchanged upon AT of Th1 cells (Table 1) develop elevated LVE DP, consistent with our prior published results (Nevers et al., 2015) . Interestingly, AT of Th1 cells, but not naive T cells or IFN-γ −/− Th cells, resulted in increased LVE DP in TCR-α −/− TAC mice to values higher than those in TCR-α −/− TAC mice not receiving any T cells, but lower in magnitude than those achieved by WT mice (Fig. 7 C) . LV contractile function determined by the peak rate of LV pressure rise (dp/dt Max ) was likewise significantly improved in TCR-α −/− TAC mice compared with WT TAC, as reported previously (Nevers et al., 2015) , whereas reconstitution of TCR-α −/− TAC mice with Th1 cells resulted in reduced dp/ dt Max compared with TCR-α −/− TAC mice that either did not receive any T cells or were adoptively transferred with naive or with IFN-γ −/− Th cells (Fig. 7 D) . Furthermore, Th1 cells but not naive T cells or activated IFN-γ −/− Th cells induced an increased ratio of β-over α-myosin heavy chain isoforms in the LV of TCR-α −/− TAC mice, indicating fetal gene reexpression, a marker of pathological cardiac myocyte hypertrophy and remodeling, but not to the extent of the increase observed in WT mice (Fig. 7 E) . In particular, the fetal isoform of myosin heavy chain (MHC), MHC-β, was the most significantly increased in WT TAC mice (20-fold induction vs. WT sham) and in TCR-α −/− TAC mice that received Th1 cells (3.8-fold induction vs. TCR-α −/− sham) and remained unchanged in TCR-α −/− TAC mice receiving naive or IFN-γ −/− Th cells. MHC-α was not altered in WT TAC versus WT sham, and also remained unchanged in TCR-α −/− TAC mice AT with the different T cell types. The expression of other genes associated with cardiac hypertrophy, but not with cardiac dysfunction, such as atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), were increased in mice AT with both Th1 cells and IFN-γ −/− Th cells but not to the same extent as in WT TAC mice (Fig. S4) . Collectively, these data demonstrate that although all T cell subsets evaluated induce LV hypertrophy, only IFN-γ-producing Th1 cells contribute to pathological LV functional decrement as revealed by LVE DP, dp/dt Max , and fetal gene reexpression of MHC-β. 
dIscussIon
Despite significant advancements in medical therapies for HF, the prognosis of patients remains poor, with >50% mortality within 5 yr after the first hospital admission, regardless of whether the etiology is of ischemic or not ischemic origin (Mozaffarian et al., 2016) . We and others have recently identified a critical role for T cells in promoting pathological cardiac remodeling in both ischemic and nonischemic HF (Wei, 2011; Hofmann et al., 2012; Laroumanie et al., 2014; Nevers et al., 2015; Salvador et al., 2016) . In this study we investigated the CF mechanisms regulated by CD4 + T cells and identified the effector IFN-γ-producing Th1 cell subset as a critical driver of CF and contributor to cardiac dysfunction using a well-established mouse model of nonischemic HF. We report that Th1 cell adhesion to CFB through α4 integrin is required to induce a profibrotic response that is dependent on TGF-β induction in CFB in vitro. In vivo, CF is primarily localized to the perivascular areas where Th1 cells selectively infiltrate the LV in TCR-α −/− recipient mice in response to TAC. Only Th1 cells, but not naive T cells or similarly activated IFN-γ −/− Th cells, partially restore CF, cardiac inflammation, fetal gene reexpression, and cardiac dysfunction.
Multiple studies over recent years have identified various innate immune cells actively participating in profibrotic tissue repair and healing in various tissues (Wilson and Wynn, 2009; Costa et al., 2011; Murray et al., 2011; Takemasa et al., 2012; Walsh et al., 2015) including the heart in response to ischemic myocardial injury (Frangogiannis et al., 2002; Fran- Less was known about adaptive immunity until recently, when T cells were identified as critical mediators of profibrotic tissue repair and healing of the ischemic myocardium through mechanisms involving modulation of monocytes and macrophages differentiation that actively participate in profibrotic scar formation (Hofmann et al., 2012) . In contrast to a profibrotic cardiac healing response, in nonischemic HF when the LV senses substantial pressure load, CF is mainly mediated by CFB, a major resident population in the heart, and is a pathological progressive process that impairs cardiac function (Fan et al., 2012) . Interestingly, the role of T cells in this response is an emerging area with several unknowns. From our own and other investigators' earlier studies, we learned that T cells are central players in CF: in humans, we found an association between CF and cardiac T cell infiltration in patients with nonischemic HF (Nevers et al., 2015) ; and in mice, we and others demonstrated T cell activation in the mLNs in response to TAC, and found that two different mouse models lacking either αβ T cells (TCR-α −/− mice) or CD4 + T cells (MHC-II −/− mice) were protected from CF induced by TAC (Laroumanie et al., 2014; Nevers et al., 2015) . This motivated us to consider that CD4 + T cells activated in the setting of TAC could have direct effects in the CFB and induce their transformation to profibrotic myofibroblast. Our results provide for the first time evidence that T cells activated in the context of HF firmly adhere to CFB and, as a result, induce their transformation to profibrotic myofibroblasts. In contrast, T cells from sham mice, which are mostly naive, do not adhere and activate CFB. Our work indicates that IFN-γ, the signature cytokine of Th1 cells, is the main cytokine expressed by mLN CD4 + T cells as well as in the LV in response to TAC. Other cytokines such as IL-5 and IL-4, known to mediate the profibrotic effect of Th2 cells (Sandler et al., 2003) , are, in contrast, not enhanced after TAC in the LV, and IL-17A, also known to be profibrotic in autoimmune-induced dilated cardiomyopathy , was not detected in either the mLNs or the LV. Of note, Th2 and Th17 have recently been reported to be predominant in the failing hearts in mice with chronic ischemic HF (8 wk after ischemia) and found to be mainly expanded in the spleen (Bansal et al., 2017) . Our data position IFN-γ-producing Th1 cells expanded in the mLNs as major contributors to TAC-induced CF, and highlight important differences about the type and location of T cell-mediated remodeling responses in ischemic versus nonischemic HF. Our results are in agreement with our previous work demonstrating that the Th1 signature transcription factor Tbet is significantly up-regulated in the LV in response to TAC in WT mice but not in TCR-α −/− mice (Nevers et al., 2015) . However, the contribution of Th1 cytokines, and in particular IFN-γ, to fibrosis is controversial, with some studies demonstrating an antifibrotic effect in the context of autoimmune-induced CF (Afanasyeva et al., 2004; Fairweather et al., 2004; Borthwick et al., 2013) , and others a profibrotic effect in the context of hypertension and in healing after ischemia (Bujak et al., 2009; Han et al., 2012; Markó et al., 2012) . Our in vitro results demonstrate a novel mechanism that positions IFN-γ-producing Th1 cells as profibrotic players in CF by directly adhering to the CFB rather than exclusively through Th1 cell cytokine release. This is further supported in our Th1 titration co-culture studies, in which more Th1 cell adhesion to CFB correlates with increased overall α-SMA expression in the co-cultures, whereas those CFBs supporting Th1 cell adhesion regardless of the CFB/Th1 ratio all express high levels of α-SMA. Although our in vitro studies demonstrate that Th1 cytokine release does not induce CFB transformation, extending this observation in vivo will require further investigation. Whereas the profibrotic role of TGF-β in CF has been recognized for many years (Border and Noble, 1994; Bujak and Frangogiannis, 2007) , the fact that Th1 cell adhesion induces TGF-β in the CFB is novel, and supports that IFN-γ-producing Th1 cells critically control CFB fate in vitro through direct cell-cell adhesion. Our data demonstrating that the few IFN-γ −/− Th cells that were able to adhere to CFB did not induce their transformation as WT Th1 cells did also support that T cell-produced IFN-γ centrally regulates CFB transformation to profibrotic myofibroblasts.
Cross talk between other T cell subsets, such as CD4 + regulatory cells (Treg), and CFB has been previously reported in co-culture experiments in which Tregs were found to inhibit CFB transition to profibrotic myofibroblasts. The in vivo relevance of this finding was that Treg inhibited pathological postischemic cardiac remodeling acting on CFB in chronic ischemic HF (Saxena et al., 2014) . This is in line with an antiinflammatory and antifibrotic role for Treg (Kanellakis et al., 2011) , opposite from the proinflammatory and profibrotic role we describe for Th1 cells here. Whether Treg direct contact with the CFB or the antifibrotic effect observed involved TGF-β signaling in the CFB was not addressed in the co-culture or the in vivo studies. Our studies demonstrate that Tregs remain unchanged in the mLNs after TAC, and we previously reported that Foxp3 expression is significantly reduced in the LV compared with Tbet (Nevers et al., 2015) . Here we also demonstrate that Th1 cells do not transform into TGF-β-producing T cells upon adhesion to CFB, in line with the literature supporting a lack of plasticity of Th1 cells (Hirahara and Nakayama, 2016) , although this had never been evaluated in the context of CFB adhesion. These results further support that the inhibitor effect of anti-TGF-β we observe is likely targeting TGF-β released by the CFB. A limitation of this study and something that will need to be evaluated in the future is the source of TGF-β and whether it is induced upon T cell contact in a more complex scenario in vivo, in which Th1 cells may also establish direct interactions with heart macrophages and/or endothelial cells and trigger similar or additional profibrotic mechanisms (Zeisberg et al., 2007; Chen and Frangogiannis, 2016) .
One striking finding from our in vivo AT studies is that effector Th1 cells sufficiently convert the antifibrotic phenotype of TCR-α −/− mice in response to TAC into a profibrotic phenotype. More striking is the fact that adoptively transferred Th1 cells, but not equally activated IFN-γ −/− Th cells, infiltrate mainly in perivascular areas of the LV, and induce perivascular but not interstitial fibrosis, in contrast to the predominantly interstitial pattern of T cell infiltration and both perivascular and interstitial fibrosis observed after TAC in WT mice (Nevers et al., 2015) . We suggest that interstitial fibrosis, classically thought to originate from areas surrounding the microvasculature and spreading throughout the myocardium (Anderson et al., 1979; Weber, 1989) , depends on the location of the infiltrated T cells and direct cross talk with the CFB. Importantly, the AT of Th1 cells on the TCR-α −/− mice, normally protected from cardiac dysfunction, selectively impacted LV contractile function, but not diastolic function or LV chamber dimensions. Although the current paradigm holds that interstitial fibrosis is the main contributor to mechanical stiffness and cardiac dysfunction in HF (Chaturvedi et al., 2010) , some studies have also suggested that perivascular fibrosis most likely induced by perivascular inflammation decreases the supply of oxygen and nutrients to the myocardium and can induce cardiac pathology (Kai et al., 2006) . Our data suggest the possibility that Th1 cells infiltrating into perivascular areas could reduce coronary flow through reduction of intracoronary vessel diameters, or, by directing fibrosis, impairing diffusion of oxygen and nutrients to the myocardium. These vascular abnormalities could potentially account for the reduction in LV systolic function and resultant increase in end diastolic pressure. Cytokines such as IL-17A can alter vascular function this way (Nguyen et al., 2013) , and although our results indicate that IL-17A is not significantly increased in response to TAC, IFN-γ released by Th1 cells could potentially have a similar effect. Alternative possibilities for these findings are that Th1 cells also induce LV diastolic dysfunction and chamber dilation but that these only become apparent after durations of pressure overload longer than the time we studied, or that mechanisms other than those mediated by Th1 cells induce diastolic dysfunction and chamber dilation. These possibilities need to be further investigated.
Our studies also demonstrate that transfer of Th1 cells induces a shift in expression of the LV MHC-α isoform, normally expressed in the adult heart, to MHC-β, the fetal isoform only reexpressed in the adult in the setting of pathological cardiac remodeling (Nevers et al., 2015; Salvador et al., 2016) . This is also dependent on IFN-γ, as similarly activated IFN-γ −/− Th cells did not have that effect. Our data showing that other fetal genes such as Nppa and Nppa, which become reexpressed in pathological hypertrophy, are increased in TCR-α −/− mice AT with Th1 cells or with IFN-γ −/− Th cells, but not with naive T cells, support a selective role of IFN-γ on T cell-induced cardiomyocyte MHC isoform switching, not regulating other fetal genes. Although both MHC isoform switch and expression of Nppa and Nppb serve as markers of pathological remodeling, fetal isoform switch of MHC, but not Nppa or Nppb, is also known to contribute to systolic and diastolic dysfunction in the cardiomyocyte. Our findings that IFN-γ −/− Th cells do not induce MHC isoform switch in TCR-α −/− TAC mice therefore agree with our in vivo findings showing that AT of IFN-γ −/− Th cells does not induce the negative functional effects that WT Th1 cells do after AT.
The lack of TAC-induced cardiac hypertrophy in TCR-α −/− mice is striking and also occurs in CD4 + -deficient mice (MHC-II −/− ), whereas it does not occur in WT mice depleted of T cells (Laroumanie et al., 2014; Nevers et al., 2015) or, as we report here, in TCR-α −/− mice reconstituted with naive, Th1, or IFN-γ −/− Th cells, suggesting that cardiac hypertrophy is independent of IFN-γ produced by T cells. IFN-γ has been shown to play a role in cardiac hypertrophy in a mouse model of hypertension (Markó et al., 2012) , and our data support that such protection may be achieved by IFN-γ from a different cell source other than Th1 cells. Although LV chamber wall thickness only achieved statistical significance in mice receiving Th1 cells, there was a trend toward increased end diastolic diameter in all the AT groups compared with the TCR −/− TAC mice. We interpret these results to support that the hypertrophy observed in TCR-α −/− TAC mice after AT is a function of both concentric and eccentric hypertrophy.
Our data delving into the mechanism of adhesion of Th1 cells to the CFB is of significant interest, as one could speculate that specifically inhibiting such interaction could reduce the profibrotic effects of activated CFB in pathological cardiac remodeling and HF. Our candidate approach focused on classic adhesion molecules that are expressed by CFB (Turner et al., 2011) , and in their integrin ligands expressed on activated T cells. We interpret our results to identify α4 integrin in Th1 cells as a critical mediator of their adhesion to CFB and, in contrast, to indicate that CFB ICAM-1 is dispensable for Th1 CFB adhesion. This is in line with our previous work indicating a role for ICAM-1 in T cell recruitment to the heart and CF in response to TAC that was independent of ICAM-1 expression on CFB in vitro . Small molecule inhibitors for integrins such as αvβ1, expressed on CFB but not implicated in leukocyte adhesion, are promising in treating liver and pulmonary fibrosis (Wipff et al., 2007; Reed et al., 2015) . Our data suggest the intriguing possibility of similarly targeting α4 integrins in established HF, once T cells are infiltrated in the heart, to prevent the progression of CF. Values are means ± SEM. From the immunological perspective, the prevailing paradigm holds that T cells become activated in response to antigen followed by a secondary costimulatory signal (Harding et al., 1992) , but recent emerging evidence suggests that T cells can also be activated through nonclassic antigen-mediated pathways (Rahman et al., 2009 ). Oxidized antigens have been recently described to induce T cell activation in a model of angiotensin II-induced hypertension (Kirabo et al., 2014; Wu et al., 2016) , but, as it occurs in TAC-induced HF, the specific nature of the antigen or antigens remains elusive. Indirect evidence points toward cardiac Ag-specific T cell activation as OT-II mice, exclusively responding to OVA, and CD28/B7 −/− mice lacking costimulatory signals, do not develop HF or CF in response to TAC (Laroumanie et al., 2014; Wang et al., 2016) , and this possibility has also been suggested in later stages of TAC-induced HF . Our data demonstrating that nonantigen-specific Th1 cells partially mediate cardiac dysfunction is in support of this latter mechanism. Additional supporting evidence comes from the fact that naive T cells do not become activated or infiltrate the LV in recipient TCR-α −/− mice in response to TAC, suggesting naive T cells do not sufficiently respond to antigen in the host in response to TAC. Our results document the biological importance of Th1 cells generated in a nonantigen-specific way, which are sufficient to traffic to the heart and modulate LV inflammation, perivascular fibrosis and some aspects of cardiac dysfunction. We can speculate that cardiac antigens are needed to sustain T cell activation in the heart, interstitial fibrosis, and the progression of cardiac pathology and HF. This remains an area of current and future investigation.
In summary, our data demonstrate a role for IFN-γ-producing Th1 cells in orchestrating CF through mechanisms that involve T cell integrin-mediated adhesion with CFB and subsequent TGF-β release. Our results, together with the growing body of literature evaluating the adaptive immune response in heart failure, enhance our global understanding of effector T cell-mediated pathological remodeling and HF and help resolve a paradox in the field for a role of IFN-γ in heart failure, while opening a possibility of interfering with a T cell-specific subset and integrin-mediated adhesion toward a less proinflammatory and more antifibrotic phenotype.
MAterIAls And MetHods
Mice WT (C57BL/6) and TCR-α −/− mice were bred and maintained under pathogen-free conditions. IFN-γ −/− mice were purchased from the Jackson Laboratory. All procedures conformed to the animal welfare regulations of Tufts University and were approved by the Tufts University Institutional Animal Care and Use Committee. All mice used for experiments were 8-14 wk old.
Animal model
The mouse model of TAC was used to induce pressure overload in the LV as previously described (Rockman et al., 1991; Patten et al., 2008; Blanton et al., 2012; Salvador et al., 2016) . Sham mice were used as control in all studies and were operated as TAC mice except for the suture tied around the needle to constrict the aorta.
Preparation of adult cFBs
Adult WT mice (6-8 wk old) were anesthetized. Hearts were excised, minced, washed and then subjected to digestion at 37°C for 30 min with agitation in a mixture of 0.25% trypsin and 5 mg/ml liberase TL (Roche). Digested tissue was then centrifuged at 1500 rpm for 5 min and the pellet resuspended into fibroblasts culture media ([FBM] 10% normal bovine serum and 100 U/ml penicillin/streptomycin) and plated on 1% gelatin coated plates for 2 h at 37°C with 5% CO 2 . At the end of this period, the unattached cells were discarded, and attached cells were grown in fibroblast culture medium. Once confluent, CFBs were trypsinized but not scrapped, and thus negatively selecting for potential contaminating macrophages adhered to the plate, and trypsin detached cells passaged to use in co-culture experiments. CFB were used between passages 1-2. FACS staining with CD45, CD11b, CD64 was performed before and after plating to determine the CFB purity (only 0.36% of CD45 + T cells in cultured CFB (8 d) compared with a mean of 36% of CD45 + at the day 0 of the culture). F4/80 antibody further determined the lack of contamination by macrophages in each CFB culture. Bone marrow macrophages were isolated from mice tibias and femurs, stimulated with LPS (5 µg/ml) as described , and used as a positive control for F4/80 staining. Where indicated, CFBs were incubated with clodronate liposomes (50 µl/ml) for 48 h before the T cell-CFB co-culture was established, using the macrophage depletion kit (Encapsula NanoSciences) using splenocytes as a positive control for macrophage deletion (Fig. S3) .
Preparation of t cell subsets for in vitro co-cultures and for in vivo At
Where indicated, CD4 + T cells were isolated from the mLNs of WT mice 4 wk after sham or TAC surgery by positive selection with magnetic beads (Milteny) and used in in vitro co-cultures right after isolation. Naive CD4 + T cells were isolated from the spleen and LNs of 8-12 wk WT mice and used directly in co-cultures or adoptively transferred into TCR-α −/− recipient mice. Th1 cells were differentiated from the WT naive T cells by anti-CD3 and anti-CD28 stimulation in the presence of IL-12, IL-2, and anti-IL-4, and expanded with IL-2 at day 3 for two additional days, as previously described (Alcaide et al., 2012; Velázquez et al., 2016) . IFN-γ −/− Th cells were generated from IFN-γ −/− naive T cells under the same conditions as WT Th1 cells. Th1 and IFN-γ −/− Th were harvested on day 5 after CD4 + T cell isolation and used in co-culture experiments or adoptively transferred intraperitoneally at a concentration of 10 7 cells/500 µl PBS into TCR-α −/− recipient mice. In the AT experiments, comparisons were established between TCR-α −/− TAC mice that did not receive any T cells (no AT) and TCR-α −/− TAC mice receiving the different T cell types, unless otherwise indicated.
In vitro co-culture of fibroblasts and cd4 t cells Fibroblasts were distributed in 6-well plates, glass coverslips, or in 0.4-µm pore diameter 12-well Transwell plates coated with 1% gelatin and cultured overnight in FBM supplemented with 10% (vol/vol) FCS (500,000 cells in 1 ml of medium/well). Half the medium was then removed and the CD4 T cell suspension generated as indicated in the section above (100,000 cells in 0.5 ml FBM) was added to each well or to the upper well of the Transwell, where indicated. T cells and CFB were co-cultured overnight at 37°C with 5% CO 2 . Where indicated, T cells were labeled with anti-CD4-Alexa Fluor 488 Ab, 30 min at room temperature, before being added to the CFB plates or Transwells. In some experiments, adherent Th1 cells to the CFB were detached using gentle EDTA (5 mM) washes. Detached Th1 cells and CFBs detached of T cells were collected and stained with anti-TGF-β for FACS analysis. Where indicated, CFBs detached of T cells were stained with anti-TGF-β by immunofluorescence. Photomicrographs were taken before and after washing cells. Cells were fixed for immunofluorescence staining after washing.
neutralization of tGF-β and α4 integrin 5 µg/ml anti-TGF-β (clone1D11, R&D) was added to adult CFB cells 1 h before adding Th1 cells at a 5:1 (CFB/T cell) ratio. CFB/T cell co-culture with or without anti-TGF-β was incubated overnight. 1D11 is a mouse mAb that specifically neutralizes the biological activity of TGF-β1, TGF-β2, and TGF-β3 both in vitro and in vivo (Dasch et al., 1989) . A total of 20 μg/ml α4 integrin (CD49d; clone 9C10, BioLegend) was added to Th1 cells for 30 min before overnight co-culture with CFB. Isotype rat IgG2a was used as control.
Immunofluorescence
CFBs were cultured in FGM 2 on 1% gelatin-coated glass coverslips within a 6-well plate until confluent. They were then deprived of serum for 24 h. T cell subsets were labeled with CD4 + -Alexa Fluor 488 or remained unlabeled and added to the culture medium in concentrations as indicated overnight. At the end of each treatment, cell layers were washed twice with PBS and permeabilized in ice-cold acetone for 10 min. Nonspecific binding was prevented by incubation with DPBS + 0.1 mg/ml salmon DNA, 1% goat serum, and 1% horse serum for 1 h. Cells were incubated with specific antibodies at 1:250 dilution. The cells were then incubated at 4°C overnight and washed three times with PBS. As negative controls, parallel slides were incubated with no primary antibody. Alexa Fluor 568-conjugated goat anti-mouse or goat pAB to α chicken IgY Alexa Fluor 488 was used as a secondary antibody. Visualization was performed with a Nikon Ti inverted fluorescent microscope. Quantification of α-SMA fluorescence intensity was performed using National Institutes of Health ImageJ software.
rnA extraction and real-time quantitative Pcr
Total RNAs were Trizol-extracted from mouse heart LV tissues or CFB. RNA was reverse-transcribed using the ThermoScript RT-PCR system according to the manufacturer's instructions (Invitrogen). Real-time quantitative PCR reactions involved use of SYBR Green PCR mix (Applied Biosystems). Samples were quantified in triplicate using 40 cycles performed at 94°C for 30 s, 60°C for 45 s, and 72°C for 45 s using the ABI Prism 7900 Sequence Detection System. The housekeeping gene GAP DH was used as control. The sequences of the primers used were as follows: myh6: forward 5′-TGA GCC TTG GAT TCT CAA ACGT-3′, reverse 5′-AGG TGG CTC CGA GAA AGG AA-3′; myh7: forward 5′-GCT GTG CTT TGA GAA CTG TG-3′, reverse 5′-GTG AGG TCC TTG CCT ACT TG-3′; il1b: forward 5′-TGA TGG ATG CTA CCA AAC TGG-3′, reverse 5′-TTC ATG TAC TCC AGG TAG CTA TGG-3′; il6: forward 5′-GCA CAG AAA GCA TGA CCCG-3′, reverse 5′-GCC CCC CAT CTT TTG GG-3′; Tbx21: forward 5′-CAA CAA CCC CTT TGC CAA AG-3′, reverse 5′-TCC CCC AAG CAG TTG ACA GT-3′; Ifng: forward 5′-AAC GCT ACA CAC TGC ATC TTGG-3′, reverse 5′-GCC GTG GCA GTA ACA GCC-3′; Il4: forward 5′-TCG GCA TTT TGA ACG AGG TC-3′, reverse 5′-GAA AAG CCC GAA AGA GTC TC-3′; Il5: forward 5′-TCA CCG AGC TCT GTT GAC AA-3′, reverse 5′-CCA CAC TTC TCT TTT TGG CG-3′; nppb: forward 5′-GAG AGA CGG CAG TGC TTC TAG GC-3′, reverse 5′-CGT GAC ACA CCA CAA GGG CTT AGG -3′; nppa: forward 5′-AAG GGT CCC TCT GGA GAA CC-3′, reverse 5′-TCT AGA GCC AGG GAG ACC CA-3′.
Histology
The ventricles were fixed in 10% formalin, embedded in paraffin, and cut into 5-µm sections. Hematoxylin and eosin or picrosirius red staining was performed as described (Nevers et al., 2015) . Immunohistochemistry was performed in LV frozen sections that were incubated with primary antibody against CD4 (1:500 dilution) for 2 h followed with incubation of secondary antibody goat antirat biotinylated as described (Nevers et al., 2015; Salvador et al., 2016) . In some cases, LV frozen sections were stained for immunofluorescence using anti-TGF-β (chicken polyclonal, Abcam). Cardiomyocyte cross-sectional area was quantified by tracing the outline of 10-15 myocytes in each section (Nevers et al., 2015) . tGF-β elI sA TGF-β1 protein was quantitated by ELI SA according to the manufacturer's instructions (R&D Systems), on supernatants of co-culture of CFB with naive or Th1 cells, with or without TGF-β blocking antibody. Circulating TGF-β was also measured from sham and TAC C57/BL6 mice, TCR-α −/− mice, or TCR-α −/− mice adoptively transferred with naive or Th1 cells.
In vivo echocardiography
In vivo transthoracic echocardiography was assessed in slightly sedated mice as described (Blanton et al., 2012) . M-mode and two-dimensional images were obtained from the short-axis view (Patten et al., 2008) . All analyses were performed blindly.
Hemodynamics
A pressure volume transducer catheter was introduced into the LV through the carotid artery of anesthetized mice and used to assess LV function as previously described (Blanton et al., 2012) . Absolute volume was calibrated by saline injection parallel conductance method and data evaluated at steady state (Blanton et al., 2012) . Data were digitized and analyzed using custom software (EMKA version 2.1.10).
statistics
All results are presented as mean ± SD unless otherwise indicated. Two group comparisons were analyzed by Student t-test and Mann-Whitney nonparametric test to adjust for nonequal Gaussian distribution among groups. Multiple group comparisons were performed by one-or two-way ANO VA and Bonferroni posttest where indicated. The difference was considered statistically significant at *, P ≤ 0.05; **, P ≤ 0.01; and ***, P ≤ 0.005. All statistical analyses were performed using GraphPad Prism.
online supplemental information. Fig. S1 shows FACS staining of IL-17A and Foxp3 in the mLNs of sham and TAC WT mice. Fig. S2 shows FACS staining of IFN-γ in T cells used in co-cultures and AT. Fig.  S3 shows α-SMA immunofluorescence staining in clodronate-treated CFB co-cultured with Th1 cells. Fig. S4 shows gene expression of cardiac hypertrophy genes.
